The presence of nucleotide hybridization between the 3′ end of 16S rRNA and mRNA sequence upstream of the start codon is well known in bacteria. In this paper, we detect the presence of such hybridization sites inside the coding regions of E. coli genes, and analyze their proximity to clusters of slow-translating codons. We study this phenomenon in genes of high and low expression separately. Based on our findings, we propose an explanation for the presence of RNA hybridization within the translated regions of bacterial genes.
Introduction
During the initiation of translation in prokaryotes, the 3′ end of the 16S subunit of the ribosome is known to bind to a short stretch of nucleotides located about 5-7 bases upstream of the start codon. This purine-rich portion of mRNA, referred to as the Shine-Dalgarno (SD) sequence 1 has the general form AGGAGG and is somewhat complementary (by Watson-Crick base-pairing principles) to the nucleotides at the 3′ end of the 16S rRNA. The SD sequence helps anchor the mRNA to the 16S rRNA subunit during translation initiation. 2 Genes that are highly expressed in the bacterial cell have been shown to have stronger SD hybridization. 3 Other studies have explored the effect of SD sequence position and mRNA structure around the start codon, and concluded that (a) the SD region needs to be at a short distance upstream of the start codon in order to enhance gene expression 4 and (b) translation initiation is a rate-limiting factor for gene expression. 5 As early as 1979, Sedlacek et al 6 observed that nucleotide complementarity between the 16S subunit of rRNA (3′ end) and messenger RNA (mRNA) could also extend into the coding regions. By analyzing the relationship between nucleotide composition of mRNA sequences and the 16S rRNA's 3′ end, they found complementarity throughout the translated regions, not just before the start codon. This complementarity was found to be stronger at the first and second positions of each codon in the mRNA sequence. Weaker complementarity at every third position was thought to serve the purpose of preventing the ribosome from getting stuck to the mRNA, thereby hindering the normal translation rate. Weiss et al 7 also confirmed SDlike hybridization within the mRNA sequence based on a careful examination of the frameshift site in the prfB gene of E. coli. They detected SD-like basepairing at about 5 bases upstream of the frameshift site, lending experimental evidence to the presence of rRNA-mRNA hybridization within the coding region. They made nucleotide modifications to this SD-like portion and found that the frameshift level drastically reduced, indicating the important role of this internal SD site in causing the ribosome to change its reading frame. These findings led them to conclude that the ribosome "scans the mRNA very close to the decoding sites during elongation" and raised the possibility of other functional roles for internal SD-like hybridization. 7 Recently, Wen et al 8 were able to present a detailed picture of ribosome translation by crystallographic techniques using optical tweezers. They found translation arrests at SD-like regions within the mRNA coding region. And upon making slight modifications to the internal SD site, the ribosomal pause was found to disappear. This study gave the clearest evidence of rRNA-mRNA hybridization during elongation. In order to find other such pause sites where there is complementarity between mRNA sequence and the 3' end of 16S rRNA , computational methods can be used. Calculating the strength of binding between mRNA and rRNA based on the principles of thermodynamics presents a good way to capture this interaction. 9, 10 It is known that the process of elongation occurs at a non-uniform rate and that the speed of elongation is strongly influenced by the concentration of tRNAs.
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It has been shown that the ribosomal wait time at a slow-translating codon is roughly inversely proportional to the concentration of tRNAs that recognize that codon. 12 If the stochastic search for the correct tRNA takes too long, undesirable consequences are possible. The ribosome could drop off, thereby dissociating from the mRNA before the completion of the polypeptide chain. 13, 14 The search for the correct tRNA isoacceptor is expected to take the longest time at codons that are recognized by lowest-concentration tRNAs, 15, 16 increasing the likelihood of ribosomal drop-off. This negatively impacts translation efficiency and hinders the rate of protein production. It has been shown that stable mRNA-rRNA hybridization can keep the ribosome attached to the elongating mRNA and prevent it from drop-off. 8 We would therefore expect to see SD-like hybridization occuring at locations preceding slow-translating codons, atleast in highly expressed genes. This is precisely the hypothesis we propose to test in this paper.
If slowly-translated codons create translational problems, the ribosome must have a mechanism of stabilizing itself as it processes such codons in the highly-expressed genes. We hypothesize that the distance between SD-like hybridization (involving the ribosome and the mRNA) and slowly-translated codons plays a critical role in this process.
Methods
We downloaded the E. coli genome from NCBI GenBank (accession NC 000913.2) and extracted all the annotated gene sequences. We then used the database of E. coli gene expression (HEG) 17 to select two groups of genes: (1) highly expressed genes, 243 in number (2) genes of lowest expression, 308 in number (http://genomes.urv.cat/HEG-DB/).
We calculated the hybridization free-energy signal for each of these genes based on position-wise incremental alignments between mRNA and the 3′ end of 16S rRNA. We began by aligning the two RNA strands at the position of the start codon, and estimated their hybridization free-energy using a dynamic programming approach as discussed in our earlier work. 18 If no hybridization is possible, a value of zero is assigned to the free-energy estimate. Greater complementarity between the two RNA strands in consecutive positions yields higher values of free-energy, as illustrated in Figure 2 .
The 16S rRNA is then moved one base pair downstream, thereby creating a new potential hybridization site. The free-energy released from this alignment is then calculated. This procedure is repeated, each time moving the rRNA sequence in the 5′-3′ direction of the coding region, until the stop codon is encountered. The calculated series of free-energy estimates constitute our dataset of binding values which we will examine closely in order to test the proposed hypothesis.
The analysis of hybridization potentials is somewhat similar to that of Osada et al 9 except that we calculate binding energy at all positions along the mRNA sequence (see Fig. 1 ). We found that roughly 8%-10% of the alignment positions in each gene sequence yield non-zero hybridization.
Based on experimental measurements, we selected 15 codons having the lowest tRNA concentration among all codons in E. coli, using data reported in earlier studies: 12, 19 UUA, AAG, AGG, UUC, AGU, UCA, CAU, UCC, CGA, CCC, CAC, AUA, ACA, CCA, CUA. The positions of these codons were marked in each examined gene sequence, and their proximity to hybridization sites was calculated. For clusters of consecutive slow-translating codons, we noted the number of such codons in each cluster (N), and the nucleotide spacing (D) between the 5′ end of such a cluster and the nearest upstream hybridization site. We then compared the values of D from highlyexpressed and poorly-expressed genes to see if there is any significant difference.
Results
We observed the presence of slow-translating codons in all types of genes in E. coli, regardless of their expression level. But we found a clear difference in the proportion of such codons between genes of high and low expression level.
Since the number of slow-translating codons is higher in low-expressed genes, we found many more values for D in such genes. The values of D do not follow a normal distribution, and hence cannot be compared using a standard two-sample t-test. We therefore employed a non-parametric test of the medians in the two samples, also referred to as the Wilcoxon rank sum test. For every group of N slow-translating codons, we compared values of D from two distinct gene-sets: highly-expressed genes (H) and poorly-expressed genes (L). We found that the median value of D is significantly different in the two sets examined, based on the P-value (,0.01). We also found that larger groups of slow-translating codons have closer upstream hybridization sites (see Table 1 ). Since the sample size of the dataset decreases drastically with N, the reported P-value is somewhat unreliable for N = 4. For higher values of N, a comparison test cannot be performed since the sample size is extremely low.
Discussion
Our main result in this paper is that SD-like hybridization sites are found closer to larger groups of consecutive slow-translating codons. There is a clear difference between genes of high and low expression in the number of nucleotides that span the space between slow-translating codons and the nearest upstream hybridization site. This indicates two things: (a) the SD-like hybridization is preferentially closer to clusters of slow-translating codons, and (b) the proximity of such hybridization sites enables higher levels of gene expression. This can be attributed to Table 1 . given the number of consecutive slow-translating codons (N), the median distance to the nearest sD-like hybridization site is shown for genes of high expression (D h ) and low expression (D l ). The P-value from Wilcoxon rank sum test and the sample sizes in each case (S h and S l ) are also shown. the ability of rRNA-mRNA hybridization to latch the ribosome to the mRNA, thereby preventing it from dropping off during the time-consuming search for the tRNA isoacceptors of slow-translating codons. Previous studies of the role of SD hybridization have examined only the 5′ region upstream of the start codon in bacterial genes. 9 It has been found that translation efficiency is sensitive to the distance between the start codon and SD region 21 and that there is an optimal value of 7 nucleotides for this spacing. 22, 23 We have examined the occurence of SD-like hybridization inside the coding regions of mRNA in E. coli, by calculating free-energy of binding between the 3′ end of the 16S rRNA and the mRNA sequence. We also examined the proximity of such hybridization sites to clusters of slow-translating codons, in an attempt to attribute a plausible role to such internal SD sites.
Using experimental methods, it has been shown that the SD interaction typically increases the rupture force of the ribosome by about 10pN. 24 This leads to pauses in translation, and could serve a useful purpose if located near clusters of slow-translating codons. For such codons, the stochastic search for the correct tRNA isoacceptor takes the longest time, and can lead to undesirable consequences while the ribosome waits for the tRNA recognition to occur. The occurence of SD-like hybridization within a few nucleotides upstream of the slow-translating cluster can help prevent the ribosome from dissociating. We found stronger evidence for this mechanism in highly-expressed genes, lending support to our hypothesis.
In future studies, we are interested in exploring the nature of internal SD-like hybridization in a wide variety of bacterial species. It would be worthwhile to see if the results we found in E. coli are somewhat conserved in other species as well. It is also possible to examine the strength of hybridization (in terms of the magnitude of free-energy released) in relation to the density of slow-translating codon clusters. Such studies would shed light on critical post-transcriptional control mechanisms in bacteria.
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